The estimation of hi highly depends on the ρs, ρi, and hs values. Errors in the hi estimation caused by uncertainty 152 of these parameters are discussed in the summary and discussions section. In this study, hf is estimated from surface elevation measured by ICESat (hobs; Zwally and others, 155 7 2003), following a method by Kurtz and Markus (2012) . Filtering of the data is first done since the hobs value 156 is significantly affected by atmospheric scattering due to cloud and blowing snow. The biased hobs data is 157 removed using instrument and waveform derived parameters that are provided along with the hobs data. To 158 obtain hf, the local sea surface height (hssh) is subtracted from hobs. The local sea surface height determined by 159 geoid, tides, and atmospheric pressure variations (hest) is first estimated, and subtracted from the hobs data. By 160 using the hobs and hest values, hf is given by
where htp is the sea surface tie point. The htp value is taken to be the average of the lowest three values of 165 hobs−hest that are within ±12.5 km along-track spatial distance from each measurement. Total sea-ice thickness with snow depth (htot = hi + hs) which is calculated from Eqns (1) and (2) 184 using hf is also shown in Figure 3 . The correspondence between hf and htot is indicated by the color bars. The 185 annual mean htot is thinnest in 2008 when the thickness was 77.5 cm ( The ICESat derived htot (Fig. 3) is interpolated onto a polar stereographic grid at a spatial resolution 235 of about 12.5 km using a Gaussian weighting function. This grid is same as that for the AMSR-E ice 236 concentration data. To reveal the spatial distribution of sea-ice thickness over the entire Sea of Okhotsk for the 237 first time, all data of each year, except for the Japan Sea, was used for the interpolation. In the Southern Ocean, 238 a similar spatial interpolation of ICESat derived ice thickness was made by Kurtz and Markus (2012) , and the 239 influence radius was set at 125 km. In this study, the influence radius was set at 210 km because the spatial 240 distribution of ICESat data is relatively sparse in the Sea of Okhotsk which is located at lower latitude. The 241 spatial distribution of htot mapped onto the polar stereographic grid is shown in Figure 7 . This might be caused by sea-ice deformation due to strong tides in this area (Kowalik and Polyakov, 1998) .
248
The spatial distribution of sea-ice thickness is similar every year, although the thickness is different. For 249 example, the thickness in 2008 is thinnest over almost the entire sea-ice zone. The spatial distribution of ice 250 thickness derived from ICESat data is roughly similar to that from a numerical model (Watanabe and others,
.
253
In 2005, when the average htot is the thickest (Table 1) , the position of the Aleutian Low in January 254 was somewhat to the south of its usual location ( Figs. 8a and 8c ). This indicates that the westward wind total thickness is the thinnest (Table 1) , the position of the Aleutian Low in January was somewhat to the 258 northeast of the normal location ( Fig. 8b and 8c ). This indicates that the eastward wind component which leads Kamchatka and northeastern Sakhalin, and Terpenia Bay; Fig. 1 ). This ice production is based on heat budget 267 calculation using thin ice thickness derived from AMSR-E (Nihashi and others, 2012). A time series of the ice 268 volume is shown in Figure 9 . For comparison, a time series of sea-ice area (Table 1) is superimposed on the 269 figure. Variability of the ice volume roughly corresponds to that presumed from the ice area if the thickness is 270 assumed to be 1 m. However, ice volume in 2008 is relatively small owing to the thinnest ice thickness (Table   271 1). This indicates that there is a case that ice area cannot be used as a proxy of ice volume. Time series of 272 annual ice production in the major coastal polynyas is also shown in Figure 9 . The ice volume and annual ice 273 production estimated from independent data are generally comparable. This also supports validity of the 274 estimations of sea-ice thickness and volume from satellite altimetry data. In the entire sea-ice zone of the Sea of Okhotsk, the total sea-ice thickness including snow depth 278 (htot) for 2004-2008 was estimated using ICESat derived freeboard (Fig. 3) , and revealed the spatial 279 distribution for the first time (Fig. 7) . The htot derived from ICESat data roughly corresponded with that derived 280 from EM data near Hokkaido (Fig. 6) . The errors in the htot, which is calculated from Eqns (1) are about ±5% and about ±10%, respectively. For example, in a case of htot = 95.0 cm, which is estimated from 289 a mean freeboard hf of 18.3 cm (Table 1) , the errors caused by ρs and ρi are about ±5 cm and about ±10 cm, 290 respectively. In this study, snow depth hs was assumed to be 10% of the ice thickness hi (Eqn 2) based on in-291 situ measurements (Toyota and others, 2007) . From the in-situ measurements of snow depth, a regression line 292 of hs = 0.041 hi + 6.070 (cm) was shown in Toyota and others (2007) . However, we didn't use this regression 293 line, because a negative hi value is calculated when the hf value is small (hf < about 5 cm). It is noted that htot 294 estimated from a mean hf of 18.3 cm using this regression line for hs is about 93 cm, and this htot value is 295 similar to that estimated assuming that hs = 0.1 hi (95 cm; Table 1 ). When hs is assumed that hs = 0.05 hi based 296 on the in-situ measurements by Toyota and others (2007), htot is estimated to be about 45% thicker than the 297 baseline case in which hs was assumed that hs = 0.1 hi. On the other hand, htot is estimated to be about 15% 298 thinner than the baseline case when hs is assumed that hs = 0.15 hi. The uncertainty of hf has previously been 299 shown to be 1.8 cm (Markus and others, 2011) . This causes the htot error of about 9.3 cm. These estimations 300 indicate that the htot errors owing to ρs, ρi, hs, and hf do not affect the validation of the ice thickness estimation 301 shown in Figure 6 .
303
Interannual variability of htot averaged over the entire sea-ice zone was shown to be large. The 304 minimum value is 77.5 cm in 2008, while the maximum value is 110.4 cm in 2005 (Table 1) . A frequency 305 histogram of htot (Fig. 4) revealed that the mode varies from 50-60 cm thickness bin in 2007 and 2008 to 70-306 80 cm bin in 2005 (Table 1) . These thickness values are much thicker than the maximum thickness of 307 thermodynamically grown pack ice without deformation observed in the Antarctic Ocean (0.3-0.4 m; e.g.
308
Allison and Worby, 1994; Jeffries and others, 1997; Wadhams and others, 1987) . This indicates that deformed 309 ice is prominent over the entire Okhotsk sea-ice zone as suggested from in-situ observations of sea ice in the 310 southernmost part of the sea (Toyota and others, 2004, 2007) . Furthermore, the large tails of the distributions 311 13 ( Fig. 4) and mean thickness values of >about 80 cm (Table1) indicate that the deformed ice affects ice volume 312 in the Sea of Okhotsk.
314
Ice volume in the Sea of Okhotsk was estimated from ICESat derived htot and AMSR-E derived ice 315 concentration (Fig. 9 ). Sea-ice area has been used for a proxy of ice volume in the Sea of Okhotsk when there 316 is no ice thickness information (e.g., Nihashi and others, 2011). However, the results of this study indicated 317 that ice area cannot always represent the ice volume ( Fig. 9) , as in the case of 2008 when the average ice 318 thickness was thin ( Table 1 ). The ice volume estimated in this study was shown to roughly correspond to ice 319 production in major coastal polynyas estimated based on heat flux calculations (Fig. 9 ). This supports the 320 validity of ice thickness and volume estimation based on ICESat data.
322
In the Sea of Okhotsk, sea ice formed in the northern coastal polynyas is advected to the south by 323 the prevailing northerly winds and the southward East Sakhalin Current. This indicates a transportation of 324 negative heat, fresh water, and nutrients to the south by sea ice. Simizu and others (2014) estimated the 325 southward ice-volume transport using sea-ice drift based on the moored Acoustic Doppler Current Profiler 326 (ADCP), an ocean model simulation, objective analysis data of the wind, and satellite sea-ice data. Since there 327 was no ice thickness information, they simply assumed a uniform ice thickness of 1 m. The cumulative 328 southward ice transport per winter, which crosses a line along 53˚N (Fig. 1) , was estimated to be 3.0 × 10 11 329 m 3 . From the climatology of ICESat derived htot of this study (Fig. 7f) , htot averaged on the line is estimated to 330 be about 85 cm. Furthermore, htot averaged over the entire Sea of Okhotsk is 95 cm (Table 1 ). These indicates 331 that the assumption of ice thickness of 1 m in Simizu and others (2014) was almost appropriate. When the 332 ICESat derived htot (= 85 cm) is adopted to the estimation by Simizu and others (2014), the cumulative 333 southward ice transport per winter is estimated to be 2.6 × 10 11 m 3 . This ice transport is comparable to the 334 climatological annual discharge of the Amur River (Fig. 1 ) of 3.1 × 10 11 m 3 (Fig. 1; Dai and others, 2009 ).
336
The primary goal of this study was to reveal the spatial distribution of sea-ice thickness in the Sea 337 14 of Okhotsk for the first time. On the other hand, in order to understand changes in sea ice associated with 338 climate change, a decadal time series of sea-ice volume is critically needed. Sea-ice area in the Sea of Okhotsk 339 has been decreasing at a rate of about 12% decade -1 for the last 30 years (Cavalieri and Parkinson, 2012) .
340
Furthermore, sea-ice production also has been decreasing about 11% for the last 30 years due to warming in 341 autumn at the land area northwest of the Sea of Okhotsk (Kashiwase and others, 2014) 
Fig. 2
Schematics of sea-ice for estimation of total thickness of ice above and below the water level (hi) 522 from ICESat derived freeboard (hf). Here, hs is snow depth and htot (=hs + hi) is total ice thickness including 523 snow depth. Table 2 . Sea-ice concentration derived from AMSR-E of the corresponding period is indicated by gray 536 shadings. A box denotes the analysis area for Figure 6 . 
